Stresses that perturb the folding of nascent endoplasmic reticulum (ER) proteins activate the ER stress response. Upon ER stress, ER-associated ATF6 is cleaved; the resulting active cytosolic fragment of ATF6 translocates to the nucleus, binds to ER stress response elements (ERSEs), and induces genes, including the ER-targeted chaperone, GRP78. Recent studies showed that nutrient and oxygen starvation during tissue ischemia induce certain ER stress response genes, including GRP78; however, the role of ATF6 in mediating this induction has not been examined. In the current study, simulating ischemia (sI) in a primary cardiac myocyte model system caused a reduction in the level of ER-associated ATF6 with a coordinate increase of ATF6 in nuclear fractions. An ERSE in the GRP78 gene not previously shown to be required for induction by other ER stresses was found to bind ATF6 and to be critical for maximal ischemiamediated GRP78 promoter induction. Activation of ATF6 and the GRP78 promoter, as well as grp78 mRNA accumulation during sI, were reversed upon simulated reperfusion (sI/R). Moreover, dominant-negative ATF6, or ATF6-targeted miRNA blocked sI-mediated grp78 induction, and the latter increased cardiac myocyte death upon simulated reperfusion, demonstrating critical roles for endogenous ATF6 in ischemia-mediated ER stress activation and cell survival. This is the first study to show that ATF6 is activated by ischemia but inactivated upon reperfusion, suggesting that it may play a role in the induction of ER stress response genes during ischemia that could have a preconditioning effect on cell survival during reperfusion.
Stresses that alter the endoplasmic reticulum (ER) 4 environment by impairing nascent ER protein glycosylation, disulfide bond formation, or calcium levels interfere with protein folding in this organelle, activating the ER stress response (1) (2) (3) (4) (5) . Three ER-transmembrane signaling proteins serve as major proximal sensors of the ER stress response: IRE-1 (inositol-requiring protein-1), PERK (protein kinase RNA-like ER kinase), and ATF6 (activating transcription factor 6) (6, 7). When activated, these sensors initially lead to increased expression of ER-targeted chaperones, calcium-binding proteins, and disulfide isomerases as well as many proteins targeted to other cellular locations, which collaborate to enhance nascent ER protein folding capacity (8) . ER stress also activates a transient translational repression of most transcripts that are not encoded by ER stress response genes; this repression is thought to conserve energy and reduce demands on the ER protein folding machinery (9) . Additionally, ER stress augments the ER-associated protein degradation system, leading to proteasome-mediated degradation of terminally misfolded ER proteins, which helps relieve ER stress (10) . Furthermore, under some conditions, ER stress activates autophagy (11, 12) , a catabolic program that can promote cell survival (13) . If activation of these survival-oriented pathways is insufficient to resolve the stress, continued ER stress can lead to apoptotic or necrotic cell death (14 -18) . Thus, depending on its strength and duration, ER stress can be survival-or death-oriented.
Compromises in blood supply, which are a common result of atherosclerosis, lead to combined stresses of hypoglycemia and hypoxia in numerous tissues, creating a potentially damaging ischemic condition. Although tissue damage occurs during ischemia, the generation of reactive oxygen and nitrogen species upon re-establishment of blood flow (i.e. reperfusion) is potentially even more damaging. Since nascent protein disulfide bond formation in the ER requires oxygen (19) , it is possible that ER stress is activated during ischemia and that its effects might be exerted during ischemia and/or reperfusion. Consistent with this hypothesis are recent studies showing that simulating ischemia induces certain aspects of ER stress in several cell and tissue types (5) . For example, simulated ischemia in cultured rat cardiac myocytes induced numerous ER stress response genes, including GRP78, an ER-resident chaperone that is known to be cardioprotective (20 -23) . The ER stress response was also activated during ischemia in an ex vivo mouse heart model of ischemia/reperfusion (24) and in an in vivo mouse model of myocardial infarction (20, 25) . Additionally, studies using a novel transgenic mouse model have shown that ATF6 activation before ischemia has a preconditioning effect and protects the heart from ischemia/reperfusion damage (24) . This finding suggests that the ATF6 branch of the ER stress response may have protective effects during ischemia and/or reperfusion; however, no studies to date have addressed whether ischemia activates ATF6 and, if so, whether ATF6 is required for subsequent ER stress response gene induction.
ATF6 is a 670-amino acid ER transmembrane protein that is cleaved during ER stress. The resulting N-terminal fragment of ATF6 translocates to the nucleus, where it binds to several types of regulatory sequences in target genes, such as ER stress elements (ERSEs), and activates ER stress response gene transcription (7, 10, 14, 26 -37) . A microarray study in the mouse heart showed that upon activation, ATF6 induced nearly 400 genes (38) , supporting the hypothesis that ATF6 is a central regulator of numerous ER stress response genes, many of which may serve protective roles. The current study was undertaken to examine roles for ATF6 in ischemia-mediated ER stress gene induction of a prototypical ER stress response gene, GRP78, in a cultured cardiac myocyte model system of simulated ischemia/reperfusion.
MATERIALS AND METHODS
Cell Culture-Primary neonatal rat ventricular myocyte cultures were prepared and maintained as described previously (20) . Cultures were subjected to conditions simulating ischemia (sI) or simulated ischemia followed by reperfusion (sI/R), essentially as described previously (39) . Briefly, for sI, the medium was replaced with glucose-free Dulbecco's modified Eagle's medium/F-12 containing 2% dialyzed fetal bovine serum, and cultures were placed in a gas-tight chamber outfitted with a BioSpherix PROOX model 110 controller, which was used to set the [O 2 ] to 0.1%. For sI/R, following sI, the medium was replaced with glucose-containing Dulbecco's modified Eagle's medium/F-12 supplemented with 2% fetal bovine serum albumin, and cultures were placed in an incubator at ϳ20 -21% O 2 .
Transfection and Reporter Assays-Constructs composed of nucleotides Ϫ284 to ϩ221, or Ϫ284 to ϩ7 of the human GRP78 promoter or Ϫ800 to ϩ105 of the human GRP94 promoter driving luciferase were prepared using standard PCR and cloning approaches. Cultured cardiac myocytes were co-transfected with one of these reporter constructs or with pGL2p (controlluciferase) along with plasmids encoding SV40-␤-galactosidase (pCH110; Amersham Biosciences), as described previously (20) . Cultures were then plated, and after various treatments, cell extracts were assayed for ␤-galactosidase and luciferase activities, as previously described (20) .
Adenovirus Preparation and Infection-The preparation of a recombinant adenovirus expressing a dominant-negative form of ATF6, AdV-dnATF6, was created using the AdEasy system, as previously described (20) . AdV encoding rat ATF6-targeted miRNA was also generated using the AdEasy system.
Immunoblotting-Immunoblotting for ATF6␤ was carried out as previously described (40) . For HIF-1␣, 12 g of cultured cell lysates were fractionated on 12% BisTris Criterion TM precast gels from Bio-Rad (catalog number 345-0117). Gels were then transferred to polyvinylidene difluoride membranes, which were blotted with mouse monoclonal HIF-1␣ antibody raised against amino acids 432-628 of human HIF-1␣ from Novus Biologicals (catalog number NB100-105) used at a dilution of 1:100.
Small Interfering RNAs-Cultured cardiac myocytes plated at a density of 8 ϫ 10 6 cells/60-mm plate (no coating) were transfected with siRNA oligoribonucleotides targeted against rat ATF6␣ (catalogue number 130003; Invitrogen) or a validated Stealth TM RNA interference negative control (catalogue number 12935300; Invitrogen). Each well was incubated for 5 h with 10 pmol of each Stealth siRNA using TransMessenger TM transfection reagent (Qiagen, Valencia, CA), as described previously (38) . The cells were then washed off the plates and replated at a density of 0.7 ϫ 10 6 cells/well on fibronectincoated 6-well plates. Transfected cultures were then maintained for 24 h in Dulbecco's modified Eagle's medium/F-12 with 10% fetal calf serum, followed by 24 h in Dulbecco's modified Eagle's medium/F-12 with 2% fetal calf serum, after which they were subjected to various treatments.
MicroRNAs-Recombinant adenovirus encoding either miRNA targeted to ATF6␣, (miATF6) or a negative control (miCon) were created using the Gateway System from Invitrogen. The hairpin sequences to ATF6␣ (gttgtttgctgagcttggcta; catggactgactccaaagaaa) were generated using Invitrogen's online miRNA designer and ATF6␣ cDNA (GenBank TM accession number XM_001076843). The negative control sequence (gtctccacgcgcattacattt) was provided by Invitrogen and is not targeted toward any known gene. These oligonucleotides were expressed in pcDNA 6.2GW/EmGFP-miR using the Block-It Pol II miR expression kit from Invitrogen (catalog number K4936-00). The clones were first recombined into the Gateway pDONR vector, pDONR/Zeo (catalog number 12535-035) and then into the final adenoviral construct pAd/CMV/V5Dest (catalog number K4930-00).
Real Time Quantitative PCR-Real time quantitative PCR was performed as previously described (24) . Primers were as follows: grp78, forward (CCACCTCAGTCTCCCAGCTAA) and reverse (GCCGAGCATGGTGGTAACA); pgk, forward (TTGGACAAGCTGGACGTGAA) and reverse (CAGCAGC-CTTGATCCTTTGGT); atf6␣, forward (TGCAGGTGTATT-ACGCTTCGC) and reverse (GCAGGTGATCCCTTCGAA-ATG).
Electrophoretic Mobility Shift Assays (EMSAs)-EMSAs were carried out essentially as described previously (23) . Briefly, double-stranded synthetic oligonucleotides designed to mimic the human GRP78 ERSE 2 and a mutant form of this ERSE (see below) were used as 32 P-labeled probes or unlabeled competitors, as described in the figure legends (ERSE nucleotides are underlined): ccgggGTGGCCTGGGCCAATGAACGGCCTCCAACGAGCAGGGCCc (ERSE 2) and ccgggGTGGCCTGGGCtcgaGAACGGCCTaacacGAGCAGGGCCc (ERSE 2 mutant).
Nuclear extracts, which provide the source of other proteins (e.g. NF-Y, YY1, and TFII-I) needed for ATF6 binding to ERSEs, were prepared as described previously (23) . Binding reactions were carried out in 20 mM HEPES (pH 7.9), 10% glycerol, 1 mM MgCl 2 , 1 mM 2-mercaptoethanol, 0.1% Tween 20, 0.2 g of poly(dI-dC), 6 g of cultured cardiac myocyte nuclear extract, 2 l of in vitro translated ATF6␣-(1-373), prepared as previously described (23) , and 10,000 cpm of 32 P-labeled probe. Reactions were incubated at room temperature for 20 min and then fractionated on a 5% polyacrylamide gel at 200 V for 150 min in 0.5ϫ TBE buffer (45 mM Tris borate, 1 mM EDTA). For supershift EMSAs, 1 l of anti-ATF6␣ (catalog number sc-22799; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or 1 l of non-immune mouse antisera were added 15 min prior to probe addition. For oligonucleotide specificity assessment, a 10-or 50-fold excess of unlabeled double-stranded oligonucleotide was added 15 min prior to the addition of probe.
Cell Death Assay-Cultured cardiac myocytes were plated at 0.5 ϫ 10 6 cells/60-mm fibronectin-coated culture dish and subjected to simulated ischemia and reperfusion, as previously described. Cells were then assessed for death by morphologic observation using epifluorescence microscopy and staining with 1.5 mM propidium iodide, which is not taken up by living cells. The total number of cells was measured using Hoechst catalog number 33358 (5 g/ml), which stains the nucleus of all cells. Between 100 and 200 cells/culture were scored from 3-5 random fields; n ϭ 3 cultures/treatment. Experiments were repeated three times, and the compiled data are shown.
ERSE Mutations-Using PCR-based mutagenesis (QuikChange site-directed mutagenesis kit, Stratagene catalogue number 200518), ERSE 1, ERSE 2, and ERSE 3 in the region from Ϫ284 to ϩ221 of the human GRP78 gene in the luciferase reporter construct were changed to GATCTN 9 AACAT, CTC-GAN 9 AACAC, GAGCTN 9 AACGC, respectively, using the following forward PCR primers and complementary reverse primers: ERSE 1, GAGCAGGGCCTTCAgatcTCGGCGGCCTaacatACGGGGCTGGGGGAG; ERSE 2, GGTGGCCTGGGCtcgaGAACGGCCTaacacGAGCAGGGCCTTC; ERSE 3, CGGAGGGGGCCGCTTgagcTCGGCGGCGGaacgcTTGG-TGGCCTGGG. The ERSEs are underlined, and the sites that were mutated and the nucleotides to which they were changed are depicted in lowercase type.
Replicates and Statistical Analysis-Unless otherwise stated in the figure legends, each treatment was performed on three identical cultures. Statistical analyses were performed using a one-way analysis of variance followed by Student's NewmanKeul's post hoc analysis of variance (*, #, §, &, and V, p Ͻ 0.05 different from control and all other values, unless otherwise stated in the figure legends).
RESULTS

Effects of Simulated Ischemia/Reperfusion on Induction of
GRP78-To determine the effects of ischemia on grp78 induction, cultured rat cardiac myocytes were subjected to sI conditions (i.e. glucose and oxygen deprivation (no glucose, 0.1% O 2 )), as described previously (20, 38, 41) . Upon sI, rat grp78 mRNA progressively increased with time, attaining a maximum after 20 h of sI (Fig. 1A, black bars) .
Under certain conditions, oxygen deprivation can activate HIF-1␣; accordingly, the effect of sI on expression of a well known HIF-1␣-inducible gene, pgk (phosphoglycerate kinase) (42), was examined. In contrast to grp78, rat pgk mRNA did not change during any of the sI times (Fig. 1A , white bars), suggesting that HIF-1␣ was not activated under these conditions. When HIF-1␣ activation was examined by immunoblotting, there was no evidence of HIF-1␣ accumulation when cultured cells were subjected to 8 or 20 h of sI (Fig. 1B) . This absence of HIF-1␣ activation is consistent with previous studies showing that HIF-1␣ activation is maximal at 0.5% oxygen but decreases to nearly basal levels at lower oxygen concentrations (43), including 0.1% oxygen, which was used in the current study. It was of interest that the intensities of two HIF-1␣ cross-reactive bands, migrating at 60 and ϳ75 kDa, increased after 20 h of sI (Fig. 1B) . Previous studies have shown that these bands are HIF-1␣ variants that are endogenous inhibitors of HIF-1␣-me-FIGURE 1. Effect of sI/R on grp78 mRNA and protein, pgk mRNA, and HIF-1␣ protein. A, cultured cardiac myocytes were subjected to sI for the times shown. The levels of rat grp78, pgk, and gapdh (glyceraldehyde-3-phosphate dehydrogenase) mRNA were assessed by reverse transcription quantitative PCR. Shown are the mean values of grp78 or pgk/gapdh mRNA expressed as -fold control level (control ϭ 0 h sI/0 h sR) Ϯ S.E. *, #, and §, p Յ 0.05 different from control and all other values. B, cultured cardiac myocytes were treated with or without sI for 8 or 20 h, and then extracts were examined for rat HIF-1␣ and GAPDH by immunoblotting. The migration positions of 112-, 60-, and 37-kDa molecular mass markers are shown, as is the approximate expected migration position for full-length HIF-1␣ (n ϭ 3 cultures/treatment). C, cultured cardiac myocytes were subjected to 20 h of sI/R for the times shown. The levels of rat grp78 and gapdh mRNA were assessed by reverse transcription quantitative PCR. Shown are the mean values of grp78/gapdh mRNA expressed as -fold control (control ϭ 0 h sI/0 h sR) Ϯ S.E. *, #, and §, p Յ 0.05 different from control and all other values. D, cultured cardiac myocytes were subjected to sI or sI/R for the times shown. The levels of rat GRP78 and GAPDH were determined by immunoblotting (n ϭ 3 cultures/treatment). The GRP78 levels were normalized to GAPDH and are shown as -fold control Ϯ S.E. diated gene induction (44, 45) . Taken together, the results shown in Fig. 1, A and B, suggest that sI induced grp78 in a HIF-1␣-independent manner, consistent with the possibility that grp78 induction may be mediated in part by ER stress.
The effects of simulated reperfusion on rat grp78 gene induction in cultured cardiac myocytes were also examined. In contrast to sI alone, when cells were subjected to 20 h of sI followed by various times of simulated reperfusion (sI/R) there was a steady decline of rat grp78 mRNA, which began as soon as 2 h of reperfusion and returned to basal levels after 12 h (Fig. 1C) . The effects of sI and sI/R on rat Grp78 protein were examined by immunoblotting. In cells subjected to sI, Grp78 increased to 14-fold control level, which decreased to about 5-fold control upon sI/R (Fig. 1D) .
To examine whether transcriptional activation was responsible for ischemia-mediated increases in rat grp78 mRNA, we determined the effects of sI and sI/R on expression of a human GRP78 promoter-driven reporter, which serves as an indirect measure of GRP78 transcription. Previous studies showed that reporter constructs composed of nucleotides Ϫ304 to ϩ7 of the human GRP78 gene contain three ERSEs, with the promoterproximal ERSE, ERSE 1, being necessary for reporter induction by tunicamycin (TM) in HeLa cells (27) . In the present study, sI activated reporter expression from GRP78(ϩ7)-Luc 5 to about 2-fold control; this activation declined to basal levels upon sI/R ( Fig. 2A, bars 1, 3, and 5 ). This activation was relatively low compared with that observed with TM (ϳ10-fold; not shown), perhaps, in part, because during sI, hypoxia drives cellular ATP to very low levels, decreasing protein synthesis, thereby decreasing reporter expression. Accordingly, we redesigned the reporter construct to optimize luciferase expression under such conditions. GRP78(ϩ7)-Luc does not contain the internal ribosomal entry site, which has been shown to be required for the GRP78 mRNA to escape ER stress-mediated translational repression (46) . Therefore, we generated a construct that encoded the entire 221-nucleotide 5Ј-UTR of the human GRP78 mRNA, GRP78(ϩ221)-Luc 6 ; the internal ribosomal entry site is located between ϩ7 and ϩ221 (47) . Using this reporter, sI increased luciferase expression to about 5-fold control ( Fig. 2A, bars 2 and 4) . As was observed with GRP78(ϩ7)-Luc, promoter activation from GRP78(ϩ221)-Luc decreased upon sR ( Fig. 2A, bar 6) . Thus, compared with GRP78(ϩ7)-Luc, GRP78(ϩ221)-Luc exhibited a greater range of induction by sI; therefore, it was used for the remainder of the experiments in this study that required the GRP78 promoter.
Tissue ischemia results from a combination of nutrient and oxygen deprivation. Accordingly, to dissect the mechanism of ER stress response gene activation by simulated ischemia, the effects of starving cells of glucose and/or oxygen on GRP78(ϩ221)-Luc activity were examined. GRP78 promoter activation in cells subjected to 20 h of glucose deprivation was 1.5-fold control, whereas promoter activity actually decreased in cells subjected to only oxygen deprivation (Fig. 2B, bars 1, 3, and   5 ). However, GRP78 promoter activation in cells subjected to 20 h of glucose and oxygen deprivation was 4-fold control (Fig. 2B, bar  7) . To examine whether other ER stress response genes exhibit this pattern, we tested the effects of glucose and/or oxygen deprivation on GRP94-Luc activity. The results using the GRP94 promoter were very similar to those obtained with the GRP78 promoter (Fig.  2B, bars 2, 4, 6, and 8) . Thus, deprivation of both glucose and oxygen, which most accurately mimics tissue ischemia, was required to obtain maximal induction of these two prototypical ER stress response gene promoters.
To compare the kinetics of GRP78 mRNA induction with promoter activation during sI, cardiac myocytes were transfected with GRP78(ϩ221)-Luc and then subjected to sI or sI/R for various times. Although GRP78 promoter activity was FIGURE 2. Effect of oxygen and/or glucose deprivation on GRP78-and GRP94-luciferase. A, cultured cardiac myocytes were transfected with human GRP78(ϩ7)-Luc (GRP78(ϩ7)) or human GRP78(ϩ221)-Luc (GRP78(ϩ221)) and a ␤-galactosidase reporter and then subjected to sI or sI/R for the times shown, followed by extraction and reporter enzyme assays. *, p Յ 0.05 different from control and all other values. B, cultured cardiac myocytes were transfected with GRP78(ϩ221)-Luc or GRP94-(Ϫ800 to ϩ105)-Luc (GRP94(ϩ105)) and subjected to oxygen and/or glucose deprivation for slightly increased as early as 12 h of sI, maximal activation was observed after 16 h of sI and remained at this level through 24 h, the longest sI time examined (Fig. 3A) . When cells were subjected to sI for a single time, 20 h, and then subjected to simulated reperfusion for various times, there was a progressive decline in reporter activity, reaching basal values by 24 h of sR (Fig. 3B) . The relative kinetics of human GRP78 promoter activation and rat grp78 mRNA accumulation upon sI as well as the reduction of both upon sI/R support the hypothesis that, at least in part, sI-mediated grp78 induction is due to increased transcription during sI, which is reduced to basal levels upon sI/R.
Effect of Dominant Negative ATF6 on sI-mediated GRP78 Promoter Activation-To examine roles for ATF6 in sI-mediated GRP78 induction, GRP78(ϩ221)-Luc-transfected cultures were infected with adenovirus encoding a dominant negative form of ATF6, dnATF6. 7 Although sI-mediated GRP78 promoter activation in cultures infected with a control adenovirus was 10-fold of control, promoter activation was completely blocked in cells expressing dnATF6 (Fig. 4A) . This result suggests that under these conditions, endogenous ATF6 is required for sI-mediated GRP78 promoter activation. Accordingly, we investigated the roles of ATF6 binding sites in the GRP78 gene in sI-mediated induction.
Effect of ERSE Mutations on sI-mediated GRP78 Promoter Activation-In order to transcriptionally induce ER stress response genes, activated ATF6 can bind to ATF6 binding sites (29) or to ERSEs composed of the 19-nucleotide motif CCAATN 9 CCACG, in the regulatory regions of genes (28, 29, 48 -50) . The human GRP78 promoter contains three ERSEs; the promoter proximal ERSE, ERSE 1, is the only consensus ERSE, and it was shown in HeLa cells to be responsible for nearly all of the promoter activation observed in response to TM (27) . To examine whether ERSE 1 is involved in sI-mediated GRP78 promoter activation, it was mutated in the context of GRP78(ϩ221)-Luc (Fig. 4B), generating construct 2 (Fig. 4C) . In contrast to previous findings with TM, mutating ERSE1 minimally affected sI-mediated promoter activation (Fig. 4D , construct 1 versus construct 2). Accordingly, the other ERSEs were mutated (Fig. 4C) ; mutating ERSEs 2 or 3 decreased sI-mediated promoter activation by 40 and 28%, respectively (Fig. 4D,  construct 1 versus construct 3 or 4) , suggesting that in this context, none of the three previously identified ERSEs accounted for all of the promoter induction by sI. Therefore, combinatorial mutations of the ERSEs were prepared (Fig. 4C , constructs [5] [6] [7] [8] . Mutating ERSEs 1 and 2 or ERSEs 2 and 3 conferred the greatest reduction in sI-mediated promoter activation, amounting to a nearly complete blockade of sI-mediated promoter activation (Fig. 4D, constructs 5 and 7) . Therefore, in contrast to previous results with TM in HeLa cells, ERSE 2 appeared to play a dominant role in sI-mediated GRP78(ϩ221)-Luc induction; however, it required that either ERSE 1 or ERSE 3 remain intact for maximal promoter activation.
ATF6 Binding to GRP78 ERSE 2-Since ERSE 2 played a dominant role in sI-mediated promoter activation, electrophoretic mobility shift assays (EMSAs) were carried out to examine whether ATF6 could bind to a labeled oligonucleotide that mimicked ERSE 2 in the human GRP78 gene. It has previously been shown that ATF6 binding to ERSEs requires the presence of three additional nuclear proteins, NF-Y A, B, and C (51). Accordingly, nuclear extracts of untreated cardiac myocytes were used as a source of NF-Y A, B, and C, as previously described (23) . Incubation of nuclear extract with a labeled GRP78 ERSE 2 oligonucleotide resulted in the formation of a single complex, Complex 1 (Fig. 5A, lane 1) , which has been shown to be due to the binding of NF-Y A, B, and C to the ERSE in the absence of ATF6 (51) . The addition of recombinant ATF6 resulted in the formation of an additional, larger complex, Complex 2 (Fig. 5A, lane 2) , which is due to ATF6 and NF-Y binding to the ERSE 2 oligonucleotide. To verify the presence of ATF6 in Complex 2, supershift EMSA experiments were carried out. Although the addition of preimmune antiserum to the reaction did not alter Complex 2 formation (Fig.  5A, lanes 3 and 4) , the addition of an ATF6-specific antiserum shifted the mobility of Complex 2 to a higher molecular weight (Fig. 5A, lane 6 ) but had no effect on Complex 1 (Fig. 5A, lane 5) , 7 Dominant negative ATF6 is composed of a DNA-binding domain but lacking a transcriptional activation domain.
FIGURE 3. Effect of sI/R on GRP78-luciferase.
A, cultured cardiac myocytes were transfected with GRP78(ϩ221)-Luc and a ␤-galactosidase reporter and then subjected to various sI, followed by extraction and reporter enzyme assays. B, cardiac myocytes transfected as described in A were subjected to 20 h of sI, followed by various times of simulated reperfusion (sI/R), followed by extraction and reporter enzyme assays. Shown are the mean relative luciferase values (luciferase/␤-galactosidase), expressed as -fold control (no sI; no sR) Ϯ S.E. *, p Յ 0.05 different from control and all other values.
thus confirming the presence of ATF6 only in Complex 2. Competition studies showed that although the addition of excess unlabeled native ERSE 2 to the binding reaction disrupted the formation of Complexes 1 and 2 in a concentration-dependent manner (Fig. 5B, lanes 1-4) , the addition of an unlabeled mutated form of ERSE 2, which does not bind NF-Y or ATF6, had no significant effect on complex formation (Fig. 5B,   lanes 5-7) . These results demonstrate that ERSE 2, which is not a consensus ERSE, is capable of binding ATF6 and could therefore be responsible for GRP78 transcriptional induction during sI. Activation of ATF6 by Simulated Ischemia-The results to this point were consistent with a role for ATF6 in ischemiamediated GRP78 transcriptional induction. Accordingly, sub- cellular fractionation and immunoblotting were used to examine the effects of sI and sI/R on ATF6 processing and translocation in cultured cardiac myocytes. There are two forms of ATF6; ATF6␣ and ATF6␤ are both cleaved during ER stress, and the N-terminal fragments translocate to the nucleus, where they bind to ERSEs and influence ER stress response gene expression (28, 30, 52, 53) . However, upon activation, ATF6␣ is extremely labile, making it difficult to detect after cleavage and translocation, whereas ATF6␤ is much more stable (23, 40) . We initially attempted to examine the levels of ATF6␣ in cultured cardiac myocytes subjected to sI and sI/R but were unable to consistently detect the cleaved, nuclear form, due to its rapid degradation. Accordingly, the effect of ischemia on ATF6 activation was examined by immunoblotting for ATF6␤ in ER and nuclear fractions from cultured cardiac myocytes subjected to sI or sI/R. Full-length ATF6␤ decreased in the ER fraction upon sI (Fig. 5C, lanes 1 and 2 (control) versus lanes 3 and 4 (sI)) by ϳ60% (Fig.  5E, bars 1 and 3) , whereas cleaved active ATF6␤ in nuclear fractions increased (Fig. 5D, lanes 1 and 2  (control), versus lanes 3 and 4 (sI) ) by ϳ60% (Fig. 5E, bars 2 and 4) . In contrast to sI, full-length ATF6␤ in the ER (Fig. 5C , lanes 5 and 6) and nuclear fractions (Fig. 5D , bars 5 and 6) returned to control (Fig. 5E , bars 5 and 6) upon sI/R. Thus, upon sI, there was a decrease in ER-associated ATF6␤ that coordinated with an increase in nuclear ATF6␤. These results indicate that ER-associated ATF6␤ was cleaved and that the active form of ATF6␤ translocated to the nucleus. Moreover, ATF6␤ activation was reversed upon simulated reperfusion, consistent with the reversal of GRP78 gene induction during reperfusion (see Figs. 1-3) .
Effect of Knockdown of ATF6 on GRP78 Expression and Cell Survival during sI and sI/sR-To further examine roles for endogenous ATF6 in sI-mediated grp78 induc-FIGURE 5. Electromobility shift assays and ATF6 immunoblots. A, to examine ATF6 binding to the GRP78 ERSE 2, EMSA analysis was carried out as described under "Materials and Methods." Recombinant ATF6-(116 -373), used in the reactions analyzed in lanes 2, 4, and 6, was prepared by in vitro transcription/ translation and then added to neonatal rat ventricular myocyte nuclear extracts, as previously described (28) . The 32 P-labeled GRP78 ERSE 2 probe was added to initiate the binding reactions. Complex 1 is due to direct binding of nuclear extract-derived proteins (e.g. NF-Y and YY1) to the ERSE and has been shown to be required before ATF6 will bind under these conditions. For the supershift, EMSA was carried out as described, except for the addition of either preimmune or ATF6 antiserum to lanes 3, 4, 5, and 6, as shown. B, competition binding EMSA was carried out as described above, except for the addition of 10ϫ or 50ϫ unlabeled GRP78 ERSE 2 oligonucleotide to lanes 3 and 4 or 10ϫ and 50ϫ mutated GRP78 ERSE 2 oligonucleotide to lanes 6 and 7. C and D, cultured cardiac myocytes were treated with sI or sI/R, extracted, and subjected to subcellular fractionation, as described under "Materials and Methods" (n ϭ 2 cultures/treatment; ϳ20 ϫ 10 6 cells/culture). The ER fraction (C) and the nuclear fraction (D) were then analyzed by SDS-PAGE and immunoblotting for ATF6␤. The region of the gel that includes the full-length endogenous ATF6 is shown in C, whereas the region of the gel that includes the cleaved active form of ATF6␤ is shown in D. Also shown are VDAC and NP-62, which are used as loading controls for ER and nuclear fractions, respectively. The reason for the ATF6␤ doublet is not known; however, it is possible that this could represent variable cleavage by S1P and/or S2P. E, immunoblots shown in C and D were quantified by densitometry. Shown are ATF6␤/VDAC (ER) or ATF6␤/NP-62 (Nuclear) as relative band intensity. ER and nuclear sI and sI/R values were normalized to ER and nuclear control values, respectively. n ϭ 2 cultures/ treatment, as described in C and D.
tion, siRNA targeted to rat ATF6 was developed, and the levels of ATF6 mRNA in cultured cells were examined to assess efficacy of knockdown. Compared with cardiac myocytes transfected with a control, scrambled siRNA, cultures transfected with the ATF6-targeted siRNA exhibited an approximately 90% decrease in endogenous ATF6 mRNA (Fig. 6A, bars 1 and 2) . When rat grp78 mRNA was examined, it was shown that compared with cells transfected with the control siRNA, grp78 mRNA levels were reduced by at least 80% in cultures transfected with the ATF6-targeted siRNA, either under control conditions (Fig. 6A, bars 3 and 4) or during sI (Fig. 6A , bars 5 and 6). As expected, sI/R had no effect on grp78 mRNA (Fig. 6A,  bars 7 and 8) .
Previous studies demonstrated that ATF6 activation in the mouse heart in vivo can protect cardiac myocytes from ischemia/reperfusion damage (24) . Accordingly, to examine the functional role of endogenous ATF6 on cell survival during sI and sI/R, recombinant adenovirus (AdV) encoding either a control miRNA or an ATF6-targeted miRNA was generated. Compared with control, ATF6-targeted miRNA decreased basal ATF6 mRNA levels by about 80% (Fig. 6B, bars 1 and 2) . Compared with control, ATF6-targeted miRNA had no effect on cell death in the absence of sI or sI/R (Fig. 6B,  bar 3 versus bar 4) . However, ATF6 miRNA increased cell death during sI (Fig. 6B, bars 5 and 6 ) and sI/R (Fig. 6B, bar 7 versus bar 8) . These results are consistent with findings in ATF6 transgenic mice (38) , which support protective roles for the ATF6 branch of the ER stress response during sI and sI/R.
DISCUSSION
In this study, simulating ischemia by depriving cultured cardiac myocytes of glucose and oxygen induced the prototypical ER stress response gene, GRP78. Although there have been no studies addressing whether ATF6 is activated during ischemia, numerous publications have demonstrated roles for HIF-1␣ as a mediator of gene induction under certain conditions of relatively mild ischemia and hypoxia. Moreover, there are several ER stress response genes that are inducible by both ATF6 and HIF-1 (e.g. heme oxygenase-1, stanniocalcin-2, and GRP94) (54 -56). Thus, it was possible that ischemia-mediated grp78 gene induction could have been due, at least in part, to HIF-1␣ activation. However, under the conditions employed in this study, expression of the prototypical HIF-1-inducible gene, pgk, was not increased; nor was active HIF-1␣. This was consistent with previous studies showing that HIF-1␣ activation is minimal under very low oxygen concentrations (43) , such as 0.1% used in the current study. Interestingly, the levels of alternate forms of HIF-1␣, which are endogenous inhibitors of HIF-1-mediated gene induction, were increased, suggesting that HIF-mediated gene induction might be inhibited under these conditions. Therefore, the remainder of the study focused on examining the involvement of ATF6 in mediating the effects of ischemia on grp78 gene induction.
Consistent with roles for ATF6 were our findings that upon sI, the inactive ER membrane form of ATF6␤ translocated to the nucleus, where it accumulated as the active form. Moreover, we showed that ATF6 could bind to a key ERSE in the FIGURE 6. Effects of ATF6-targeted siRNA or miRNA on GRP78 mRNA and cell survival. A, cultured cardiac myocytes were transfected with a control or ATF6 siRNA. After 24 h, cultures were subjected to sI for 20 h plus sR for a subsequent 24 h. Cultures were then extracted and subjected to reverse transcription quantitative PCR to determine the levels of rat atf6 mRNA (bars 1 and 2) or rat grp78 mRNA, relative to gapdh. Shown are the mean values of grp78/gapdh mRNA, expressed as -fold control (bar 1) Ϯ S.E. * and #, p Յ 0.05 different from all other values. B, cultured cardiac myocytes were infected with AdV encoding a control, nontargeted miRNA (Con, bar 1) or with AdV encoding ATF6-targeted miRNA. Cultures were then extracted and subjected to reverse transcription quantitative PCR to determine the levels of ATF6 mRNA (bars 1 and 2) relative to GAPDH. Shown are the mean values of rat ATF6 or rat grp78/gapdh mRNA, expressed as -fold control (bar 1) Ϯ S.E. for each treatment (n ϭ 3 cultures/treatment; three experiments compiled). Alternatively, cultures were infected with control or ATF6-targeted miRNA, subjected to sI or sI/R, as shown, and then examined for cell death, as described under "Materials and Methods." Shown are the mean values of cell death Ϯ S.E., expressed as the percentage of dead cells. *, #, and §, p Յ 0.05 different from control and different from each other.
GRP78 gene that we found to be responsible for transcriptional induction under these conditions. 8 ATF6 activation and GRP78 gene induction were reversed upon simulated reperfusion, suggesting that in this model, ER stress is activated during simulated ischemia but not reperfusion. We also showed that ATF6 protected cells from death during ischemia as well as reperfusion, indicating that some genes regulated by ER stress during ischemia encode proteins that may precondition myocardial cells to better withstand the damaging effects of reperfusion.
Several studies have shown that ischemia or hypoxia can activate the PERK or IRE-1 branches of the ER stress response in cultured cells and tissues. For example, hypoxia is a potent trigger of PERK activation in cultured tumor cell lines. Moreover, it appears that this branch of the ER stress response fosters protection under these conditions, since cells with disrupted PERK exhibit impaired survival and/or proliferation upon hypoxia (57, 58) . Hypoxia also activates the IRE-1 branch of the ER stress response in cultured cells, leading to the generation of the transcription factor, XBP-1, which augments tumor and normal cell survival (59) . However, to the best of our knowledge, this is the first report of ATF6 activation by ischemia.
Although it is clear that all three branches of the ER stress response can be activated in response to ischemia and/or hypoxia, the precise mechanism by which oxygen deprivation activates ER stress is not well understood. It seems probable that disruption of the oxidative environment in the ER by hypoxia leads to ER protein misfolding. In support of this are the findings that ER protein folding requires oxygen-driven redox coupling of two well known ER stress response proteins, ERO1 (ER oxidoreductin 1) and protein-disulfide isomerase (60, 61) . In fact, ERO1 uses molecular oxygen as a terminal electron acceptor. Therefore, it is probable that hypoxia reduces this redox coupling, thus providing a direct mechanism by which hypoxia might impair ER protein folding. Interestingly, there are two isoforms of ERO1, ERO1-L␤, which is induced by ER stress (62) , and ERO1-L␣, which is induced during hypoxia by HIF-1␣ (63, 64) . This provides a potential linkage between HIF-1␣ and ER stress as mediators of a portion of the ischemia-dependent gene program. It is also of interest to note that although molecular oxygen is required for efficient ER protein disulfide bond formation and folding, when oxygen is consumed by ERO1, potentially damaging reactive oxygen species are generated (65) , suggesting that a delicate balance of the ERO1/protein-disulfide isomerase redox couple must be maintained in order to optimize protein folding while minimizing reactive oxygen species generation (66) .
ER stress has been shown to be both protective and damaging. In terms of protection, a study showed that in cancer and tumor cells, simulated ischemia activates the ER stress response, which promotes cell survival under these conditions (58) . Moreover, the rate of tumor growth sometimes surpasses neoangiogenesis in aggressively growing solid tumors, leading to hypoxia and activation of the ER stress response, which enhances tumor survival and drug resistance (67) . In the brain, ischemia induces a variety of ER stress response genes that are believed to contribute to the protective effects of ischemic preconditioning (68) . Induction of ER stress response gene-encoded chaperones protects from ischemic damage in the brain (69, 70) . A protective role for ER stress in the ischemic kidney has also been implicated (71) . Moreover, several studies have implicated protective roles for ER stress in the heart. For example, when mouse hearts are subjected to aortic banding, they initially undergo hypertrophic growth that is often associated with cardiac myocyte protection; ER stress is activated during this growth phase (72) . Also, overexpression of GRP94 protects cardiac myocytes from oxidative damage (73) , and overexpression of GRP78 decreased hypoxia-mediated cell death of cultured cardiac myocytes (74) . Furthermore, siRNA-mediated knockdown of XBP1 in cultured cardiac myocytes increases ischemia/reperfusion-mediated cell death (20) . Moreover, ATF6 activation in transgenic mouse hearts decreases myocardial tissue damage in hearts subjected to ischemia/reperfusion (24) .
In terms of damage, a study showed that activation of ER stress in the hearts of transgenic mice that overexpress monocyte chemoattractant protein-1 results in tissue damage and heart failure (75) . Additionally, transgenic mice that overexpress a mutant form of the KDEL receptor, which is required for ER retention of many ER stress response gene products, increases ER stress, causing cardiac tissue damage and heart failure (76) . Overexpression of the ER stress response gene, Puma (p53-up-regulated modulator of apoptosis), causes apoptosis in cultured cardiac myocytes (77) , and knocking out Puma in the mouse heart in vivo reduces myocyte death from ischemia/reperfusion (78) . Interestingly, one study showed that in cultured cardiac myocytes subjected to simulated ischemia, ER stress appeared to be protective early on, but upon prolonged ER stress, the cells succumbed to apoptosis (22) . Because of the dichotomous nature of the end points of ER stress, a better understanding of the molecular mechanisms that determine whether ER stress is protective or damaging is required.
In summary, the results of this study suggest that ER stress contributes to the hypoxia-mediated reshaping of gene expression during ischemia in ways that may affect cell survival during ischemia/reperfusion. Future studies addressing the roles of ischemia-responsive ER stress response genes will be required to decipher the functionality of each in the context of determining the fate of ischemic tissue. Presumably, the various ischemia-responsive pathways are activated under different conditions, such as the severity of the ischemia and the metabolic demands of the affected tissue. Accordingly, investigating the activation of each pathway under various conditions, as well as elucidating the pathway-specific gene programs, will be required to better understand the specific functions of each as determinants of cell survival and tissue damage.
